The insertion reactions of zirconium(IV) n-butoxide and titanium(IV) n-butoxide with a heterocumulene like carbodiimide, carbon dioxide or phenyl isocyanate are compared. Both give an intermediate which carries out metathesis at elevated temperatures by inserting a second heterocumulene in a head-to-head fashion. The intermediate metallacycle extrudes a new heterocumulene, different from the two that have inserted leading to metathesis. As the reaction is reversible, catalytic metathesis is feasible. In stoichiometric reactions heterocumulene insertion, metathesis and metathesis cum insertion products are observed. However, catalytic amounts of the metal alkoxide primarily led to metathesis products. It is shown that zirconium alkoxides promote catalytic metathesis (isocyanates, carbon dioxide) more efficiently than the corresponding titanium alkoxide. The difference in the metathetic activity of these alkoxides has been explained by a computational study using model complexes Ti(OMe) 4 (1bTi) and Zr(OMe) 4 (1bZr). The computation was carried out at the B3LYP/LANL2DZ level of theory.
Introduction
Reactions converting carbon dioxide to organic compounds not only help in scavenging carbon dioxide which is a green house gas, but also provide easy access to many useful compounds. Metathesis of carbon dioxide and carbodiimide is one such conversion. While metathesis of cumulenes is not known, the metathesis of heterocumulenes is better explored. Carbodiimide metathesis is catalysed by a number of complexes leading to formation of unsymmetrical carbodiimides.
1 Group 14 compounds are known to catalyse metathesis of phenyl isocyanates to give N, N′ diphenyl carbodiimides and carbon dioxide. 2 The reverse reaction, metathesis of carbon dioxide with isocyanides 3 and carbodiimide 4 leading to formation of isocyanates has also been demonstrated. Recently, Meyer and co-workers have shown that mid and high valent uranium amido and imido derivatives promote multiple bond metathesis with carbon dioxide to give isocyanates and uranium oxo complexes. 5 In the case of titanium(IV) alkoxides, it has been shown that metathesis cum insertion products can be isolated when stoichiometric amounts of aryl isocyanates are reacted with them in refluxing toluene. 4e Double insertion of aryl isocyanate in a head-to-head fashion with subsequent elimination of carbon dioxide was said to be responsible for the observed metathesis. The reaction was shown to be reversible; forming unsymmetrical carbodiimides when carried out with a mixture of different aryl isocyanates. Contrary to the substituent effects in the head-to-tail double insertion reactions observed at room temperature, 6a electron donating groups favoured the metathesis reaction. It was also observed that steric factors slowed down the metathesis reaction which is similar to that observed with insertion reactions. The metathesis reactions of heterocumulenes have been explored extensively only with titanium(IV) isopropoxide.
No comparison of the metathetic reactivity of a common heterocumulene with titanium or with other zirconium(IV) alkoxides is available. There have been several examples where Ti and Zr behave differently towards the same ligand system 6b,7 and so *For correspondence there is every possibility that different reactivity would be exhibited by Zr towards metathesis. Hence it would be interesting to know whether such reactivity differences can be used to control the metathesis reactivity and how a change in the alkoxide from isopropoxide to butoxide affects metathesis. In this paper, we report the metathesis reaction of phenyl isocyante (PhNCO) catalysed by titanium(IV) n-butoxide and zirconium(IV) n-butoxide. There are distinct differences in the reactivity of phenyl isocyante with group(IV) metal alkoxides at room temperature and at elevated temperatures.
Computational studies performed on model complexes Ti(OMe) 4 and Zr(OMe) 4 at the B3LYP/ LANL2DZ level of theory using the Gaussian 03 package, explain these differences very well.
Experimental

General
All manipulations were carried out under an inert atmosphere of dry argon using a standard double manifold. Toluene and tetrahydrofuran were freshly distilled from sodium/benzophenone prior to use. Zirconium(IV) n-butoxide (84 wt% in 1-butanol), titanium(IV) n-butoxide, titanium(IV) isopropoxide and phenyl isocyanate were procured from Aldrich U.S.A. Zirconium(IV) n-butoxide solution was evaporated to dryness under vacuum at 110°C. 
General procedure for the metathesis of phenyl isocyanate
To a solution of zirconium(IV) n-butoxide (0⋅134 g, 0⋅35 mmol) dissolved in 15 ml toluene, phenyl isocyanate (0⋅38 ml, 3⋅5 mmol) was added. The mixture was stirred and refluxed for 48 h. The solvent was then evaporated to dryness under vacuum. The mixture was worked up by addition of a stoichiometric amount of water to precipitate out ZrO 2 , followed by extraction of the organic fraction with dichloromethane and removal of the solvent from the organic fraction. The yield of diphenyl carbodiimide was calculated by inverse gated decoupled 13 C NMR and 1 H NMR using ferrocene as an internal standard. The yield of diphenyl carbodiimide was further verified by isolating it as diphenyl urea after hydrolysis.
The organic fraction obtained in the catalytic metathesis reaction was run on preparative TLC plates using hexane, toluene and ethyl acetate in the ratio 7:3:1 as eluent. Compound 2 separated out as diphenyl urea in this method, while compound 4 was obtained in the pure form and compounds 3 and 6 remained as a mixture. This mixture was run on preparative TLC plates using 1% ethyl acetate in petroleum ether as eluent, where compounds 3 and 6 were obtained in the pure form.
Compound 3 8b
Butyl N-phenylcarbamate: 
Compound 4
Carbamimidic acid, N,N′-diphenyl;n-butyl ester:
13 C NMR (100 MHz) δ 150⋅31, δ 129⋅78, δ 128⋅94, δ123⋅06, δ120⋅39, δ 66⋅92, δ 30⋅84, δ19⋅40, δ13⋅93.
General procedure for reactions with carbon dioxide
Into 6 ml toluene in a sealable vial flushed with nitrogen, carbon dioxide from a gas burette was condensed. A mixture of zirconium(IV) n-butoxide (0⋅239 g, 0⋅6 mmol) and diphenyl carbodiimide (0⋅118 g, 0⋅6 mmol) in 2 ml toluene was added while maintaining the vial at liquid nitrogen temperature. The vial was subsequently evacuated and sealed. The sealed vial was heated in an oil bath maintained at 115°C for 48 h. The vial was cooled, broken open and the reaction mixture evacuated to dryness under vacuum. The mixture was then worked up by addition of stoichiometric amount of water to precipitate out ZrO 2 , followed by extraction of the organic fraction with dichloromethane. The solvent was removed from the organic fraction and the ratio of 3 and 4 in the residue was determined by 1 H NMR.
Computational details
For theoretical studies, Ti(OMe) 4 and Zr(OMe) 4 were taken as model complexes in place of Ti(O n Bu) 4 and Zr(O n Bu) 4 where bulky n Bu groups are replaced by Me groups for computational efficiency. All structures were optimized using the DFT method (B3LYP/ LANL2DZ), based on Becke's three-parameter functional. 9 The LANL2DZ basis set uses the effective core potentials (ECP) of Hay and Wadt. 10 The nature of the stationary points was characterized by vibrational frequency calculations. The Gaussian 03 program package was used for all calculations. 
Results and discussions
Metathesis with carbon dioxide
In an attempt to test the metathesis reaction of carbon dioxide, equimolar amounts of diphenyl carbodiimide 2 and zirconium n-butoxide 1aZr were mixed with half a mole equivalent of carbon dioxide. The reaction mixture was heated at 110°C for 48 h in a sealed vial using toluene as solvent. The reaction mixture obtained after hydrolytic work up was found to contain significant amounts of the metathesis product, phenyl isocyanate, that was isolated as butyl N-phenylcarbamate, the insertion product 3 (entry1, table 1). In addition, formation of carbamimidic acid, N,N′-diphenyl;n-butyl ester 4 was observed which arises from the insertion of diphenyl carbodiimide into the butoxide (entry1, table 1). Metathesis reaction occurred to a greater extent as the amount of carbon dioxide content was increased (entry 2 and 3, table 1).
The yield of the phenyl isocyanate inserted product, butyl N-phenylcarbamate, 3 obtained using zirconium (IV) n-butoxide (entry 3, table 1) was more than that obtained in a similar reaction with titanium(IV) nbutoxide (entry 4, table 1). The metathesis reaction proceeds by the coordination of carbon dioxide to the metal followed by insertion into the C-N bond of the carbodiimide, which then eliminates an isocyanate (scheme 1). So it is observed that metathesis of carbon dioxide is catalysed more efficiently by zirconium(IV) n-butoxide than by titanium(IV) n-butoxide. Since it has been shown that double insertion of phenyl isocyanate takes place in a head-to-tail fashion at room temperature and is more favoured with titanium, 6b the present result is counterintuitive. It suggests that headto-head double insertion is favoured by zirconium rather than by titanium. These results were further confirmed by performing a reverse reaction with phenyl isocyanate.
Reaction of phenyl isocyanate with titanium(IV) n-butoxide and zirconium(IV) n-butoxide
The reaction of phenyl isocyanate (PhNCO) was carried out with sub-stoichiometric amounts of titanium(IV) n-butoxide (Ti(O n Bu) 4 1aTi) and the products were analysed after work up. The crude reaction mixture was found to contain a significant amount of metathesis product N,N′ diphenyl carbodiimide 2 in addition to insertion products butyl Nphenylcarbamate 3, butyl N,N′-diphenylallophanate 6 and carbamimidic acid, N,N′-diphenyl;n-butyl ester 4 (entry1, table 2).
The products 3 and 6 arise from the mono and double insertion of PhNCO into Ti(O n Bu) 4 and have been reported earlier. 6 Compound 4 is a metathesis cum insertion product and is formed by insertion of metathesis product 2 into 1aTi. The ratio of the products formed were determined by 1 H NMR and Metathesis of carbon dioxide and phenyl isocyanate inverse gated decoupled 13 C{ 1 H} NMR. Interestingly, there was substantial improvement in the amount of metathesis product formed when titanium(IV) n-butoxide was used in catalytic amounts (entry2, table 2). There was no formation of the metathesis cum insertion product 4. Further, the amount of diphenyl carbodiimide produced was more when Zr was used instead of Ti (entry 3 and 4, table 2). These experiments show that zirconium(IV) n-butoxide and titanium(IV) n-butoxide can be utilized to convert isocyanates to carbodiimides catalytically. Clearly, zirconium(IV) n-butoxide is more efficient for the conversion.
A mechanistic hypothesis
The mechanism of the reaction essentially involves the insertion of PhNCO into metal alkoxide 1a to generate Table 1 . Metathesis products obtained from carbon dioxide and carbodiimide mediated by titanium(IV) n-butoxide and zirconium(IV) n-butoxide. 6b,7 This encouraged us to seek reasons for the differences between Ti and Zr in the preference for double insertion via head-to-head and head-to-tail fashion.
The structures numbered 1 and 7 to 9 in scheme 1 were investigated. For this purpose Ti(O tively. Ti and Zr are added to indicate the metal present in the complex. HH and HT indicate the mode of insertion. For example, 8aTiHH indicates structure 8 with M=Ti, O n Bu as the alkoxy group and a structure where PhNCO has undergone double insertion in a head-to-head fashion.
The reaction of the first molecule of PhNCO with 1bTi/1bZr will generate the metal carbamate intermediate 7bTi/7bZr.
6b The second molecule of PhNCO can insert either in a head-to-head fashion to give the intermediate 8bTiHH/8bZrHH (Path X) or in a headto-tail fashion giving 8bTiHT/8bZrHT (Path Y). The double insertion proceeds only though Path Y at room temperature. At higher temperatures head-to-head insertion was found to occur in greater amounts through Path X. The preference of Zr and Ti towards Path X and Path Y can be understood if we look into the thermodynamic stabilities of the intermediates involved (figure 1).
For both Ti and Zr, path Y is an exothermic process whereas path X is endothermic. This explains why headto-head insertion is not observed at room temperature. For path Y it is seen that though 8bZrHT is more stabilized, the formation of 8bTiHT is more exothermic than 8bZrHT. Hence the double insertion in a head-totail mode is more favoured for Ti. Path X is endothermic for both Ti and Zr, however the formation of 8bHHZr is less endothermic than that of 8bHHTi. This explains the higher efficiency of zirconium alkoxides over titanium alkoxides towards head-to-head insertion required for metathesis of phenyl isocyanates.
One can assume that the reverse reaction of carbon dioxide with carbodiimide inserted intermediate 9b follows the same path to give the intermediate 8bHH.
In this case, the process 8bHH→9b is energetically more costly for Ti compared to Zr. Hence the metathesis of carbon dioxide is also better with Zr than with Ti. The computational result suggests that thermodynamic stabilities of intermediates are responsible for the experimental outcome.
Conclusions
The metathesis reaction of heterocumulenes has been carried out with zirconium(IV) n-butoxide and titanium (IV) n-butoxide and the former was found to be the most efficient catalyst. This is due to the fact that at elevated temperatures, double insertion which takes place in a head-to-head fashion is more favoured for zirconium(IV) alkoxide compared to titanium(IV) alkoxide. Computational studies carried out at the B3LYP/LANL2DZ level attribute the observed difference in reactivity between Ti and Zr to the energetics of the reaction. These calculations have also been helpful in explaining the reversal of preferences for both Zr and Ti towards double insertion at room temperature and at elevated temperature.
Supporting information
Total energies in a. u. at B3LYP/LANL2DZ level of theory, energy and cartesian co-ordinates of atoms in each structure are given in the website (http://www.ias.ac.in/chemsci).
